Abstract-Small molecule therapeutic drugs must reach their intended cellular targets (pharmacokinetics) and engage them to modulate therapeutic effects (pharmacodynamics). These processes are often difficult to measure in vivo due to their complexities and occurrence within single cells. It has been particularly difficult to directly measure cellular drug target binding. Fluorescence polarization is commonly used in pharmacological screening assays to measure drug-protein or protein-protein interactions. We hypothesized that fluorescence polarization imaging could be adapted and used with fluorescently labeled drugs to measure drug target engagement in vivo. Here, we summarize recent results using two photon fluorescence anisotropy microscopy. Our imaging technique offers quantitative pharmacological binding information of diverse molecular interactions at the microscopic level, differentiating between bound, and unbound states. Used in combination with other recent advances in the development of novel fluorescently labeled drugs, we expect that the described imaging modality will provide a window into the distribution and efficacy of drugs in real time and in vivo at the cellular and subcellular level.
I. INTRODUCTION

I
N THE typical drug development process, diverse compound libraries are commonly screened against purified targets and "hits" are then assayed and validated in cells. Companies and research institutions have mastered this approach to produce numerous promising drug candidates. But while it is generally assumed that such hits from the screen will behave similarly in vivo, the opposite is often the case.
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To explore in vivo drug phenomena, accurate target identification and validation measurements in conjunction with optimized lead selection are of paramount importance in the drug development process [1] . In particular it is difficult to attribute pharmacological effects due to the perturbation of the protein of interest versus other mechanisms. Only by verifying that chemical probes directly engage in vivo with their intented target can provide sufficient pharmacological validation [2] . This determination requires the use and development of new technologies capable of measuring target engagement in cells and model organisms.
Historically, methods to directly measure molecule engagement with their cognate targets in intact cells and at the cellular level both in vitro and in a biological setting [2] have been elusive. This absence of quantitative knowledge on drug action at the molecular level, prevents therefore direct correlation of molecular pharmacology with efficacy.
Drug efficacy, i.e., the ability of a drug to interact with a receptor, has been so far measured indirectly by monitoring cellular response following activation of the drug downstream signal, but recently new approaches have been developed capable of directly measuring drug binding in cells and in vivo. Drug affinity responsive target stability [3] , positron emission tomography [4] , [5] , and mass spectroscopy [6] help determining the degree of drug interaction with a protein, the degree of drug accumulation in a tumor through drug radiolabeling, or to determine drug target engagement in situ through desorption of the sample and analysis. Also cellular thermal shift assay [7] has extended target engagement measurements to cells and soluble protein fractions extracted from cell lysates.
Unfortunately, these techniques lack the cellular spatial resolution as well as the potential to make temporal measurements in vivo. Mass spectrometry and PET provide spatial imaging but destroy the sample limiting temporal measurements or lacking cellular resolution, respectively. The other methods have high specificity with the capability of measuring off target binding, but unfortunately rely on sample disruption and quantification through western blot analysis.
Optical cellular imaging is among other recently introduced detection technologies used to determine cellular pharmacology by exploiting the capability to make measurements in complex biological environments [8] - [10] . Also, the development of novel labeling techniques and reporters has enabled both quantitative analysis and phenotype visualization of single cellular events.
Among the different fluorescent imaging modalities, intravital fluorescence microscopy has greatly contributed to our 1077-260X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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understanding of biological processes at the single cell level and in vivo due to its extended imaging depth, spatial and temporal resolution, and multi-reporter visualization capability. In particular it has become an indispensable tool for studying the cellular micro-dynamics in animal cancer models, enabling studies on tumor angiogenesis, cellular proliferation and tumor survival. When combined with the use fluorescently labeled drugs, prodrugs and activity based probes which can act as drug imaging companion [11] - [13] , intravital confocal microscopy provides a window into the distribution and efficacy of agents in real time and in vivo. This is in contrast to other well established imaging technologies which highlight the macroscopic distribution of agents, but lack both the spatial and temporal resolution offered by fluorescence imaging techniques. While the number of naturally fluorescent drugs is quite restricted, recent advances in chemical techniques have been successfully implemented to create fluorescently labeled drugs retaining targeting affinity therefore establishing a basis for the biomedical and clinical translation [14] , [15] . Specifically, the use of fluorescent drugs in some of our recent studies has provided direct evidence of the presence of drug heterogeneity in vivo at the tissue [14] , cellular [16] , and subcellular levels [17] .
However, intravital fluorescent drug imaging methods are based on simple fluorescence signal quantification of labeled drugs [14] (see Fig. 1 ), and they do not differentiate between the specific, non-specific and unbound states of the labeled tracer, information which is critical to better understand the ligandreceptor interactions [18] .
The concept of fluorescence polarization/fluorescence anisotropy (FP/FA), which is based on the determination of the emission polarization orientation with respect to that of the excitation light, is commonly used in screening assays for drug development and pharmacological studies to characterize protein-protein interactions.
Measuring the degree of anisotropy of a fluorophore can determine, among others parameters, the rotational diffusion rate of molecules, which, in a controlled environment, is dependent on the molecular size. Therefore, the degree of interaction of a fluorescently labeled drug with a larger compound (such as a protein target) can be quantified. While most FP/FA applications are based on simple in vitro assays with fixed end points [19] , the possibility to develop microscopy imaging platform based on FP detection could enable non-destructive mapping of FP phenomena in living cells with great spatiotemporal resolution for longitudinal measurements.
Based on these premises we have recently developed two photon FA microscopy [20] , to measure drug distribution in vivo. This new imaging modality offers high spatial and temporal high resolution while quantitatively differentiating between bound and unbound states. The potential of the technique has been demonstrated on a phase III drug candidates both in vitro and for real-time quantification of drug target engagement in vivo in a mouse tumor, with submicron resolution and at great depth.
II. BASIC PRINCIPLES OF FP
While we here briefly review the concept of FP/FA, for a more comprehensive treatment we refer the readers to more extensive reviews which are widely available in the literature [21] - [23] .
The underlying principles of FP/FA is based on the fact that the probability of interaction of a fluorescent molecule with an exciting photon is proportional to the square of the scalar product of the molecule's absorption transition dipole moment and the electric field vector.
If polarized light is incident on an ensemble of randomly oriented fluorescent molecules, a so-called photoselection process is induced. Emission will occur preferentially along the molecules' emission transition dipole moment. The angular relation present between the absorption and emission determines a degree of anisotropy that can be calculated measuring the fluorescence emission in the planes parallel and perpendicular to the excitation polarization.
To characterize the extent of anisotropy a dimensionless physical parameter P, FP, is typically introduced and defined as the ratio of the polarized components to the total intensity, i.e. the fraction of the fluorescence light which is linearly polarized:
Here Ip and Is represent the parallel and perpendicular components of the fluorescence intensity, defined with respect to the excitation polarization. The denominator corresponds to the fluorescence intensity along the direction of observation.
If the emission is completely polarized along the parallel direction, P = 1. If instead the emission is polarized along the perpendicular direction, P = −1. These values represent theoretical limits and occur only in the presence of oriented crystals or stretched polymers, when the fluorescence light is completely polarized along the perpendicular or parallel direction respectively. In the more general case of a solution, the transition dipoles are generally isotropically distributed, with each molecule oriented randomly in space. These values are therefore not reached, but instead P is included in a restricted interval between −1/3 and 1/2. Another dimensionless parameter of great use, particularly in biophysics and biochemistry, is FA r, which is defined as the ratio of the polarized components to the total intensity
FP and FA are interrelated through equation p = 3r/(2 + r) and can be used interchangeably, even though FP is measured with respect to the fluorescence intensity in the direction of observation, while FA is determined in relation to the total fluorescence emission intensity [24] . Also the FA r is a very convenient quantity because it is additive with the different component concentration.
While for single photon excitation the limiting polarization value is equal to 0.5, for two-photon excitation the limiting value is higher [25] - [27] . Extensive treatments of the two photon FA theory can be found in several review papers [25] , [26] but essentially it can be ascribed to the increased two-photon angular photoselection. This property has been exploited in several works [28] - [30] offering the advantage among the others of a higher SNR and increased sensitivity due to a reduced Rayleigh scattering component and higher limiting value.
It is important to emphasize that the limiting polarization values given above are valid in the absence of molecular rotation. This is far from true for the case of solution or for example the intracellular environment. After photoselection, rotational diffusion of the excited molecules tends to scramble the orientation of the emission dipoles removing any preferential direction present in the emission fluorescence. The degree of rotation and scrambling depends ultimately on how fast the molecules can rotate before emission occurs, creating a time dependence in the anisotropy values. If the rotation of the molecule occurs on a time scale that is shorter than its fluorescence lifetime (τ r τ f ), the fluorescence emission will be isotropic and the measured anisotropy will tend to zero. On the opposite side instead if the rotation occurs slowly in relation to the fluorescence lifetime, a strong anisotropy will be present.
Emission depolarization following molecular rotation can be quantitatively described using Perrins' equation [31] , which gives the relation between the anisotropy r, the fluorescence lifetime τ f , and the rotational correlation time τ r :
where r 0 corresponds to the molecular fundamental anisotropy as measured in the absence of rotational diffusion. In principle cellular environmental factors such as pH and temperature may alter τ f , and τ r respectively. But in general, the anisotropy of a fluorescent molecule is largely defined by its intrinsic properties, i.e., its fundamental anisotropy, its size and its fluorescence lifetime. The fact that dyes with different values of lifetimes present distinct values of FA has been recently exploited to simultaneously resolve spectrally similar fluorophores in two photon microscopy, where the number of fluorescent labels that can be imaged simultaneously based on their spectral properties is often limited to three (see Fig. 2 ) [32] . Now as a fluorescent molecule gets larger, its rotational speed will decrease and its anisotropy value increase. This property is particularly useful for well plate based high throughput studies of binding affinity, immunoassays and assays related to drug discovery [33] . Following binding to a much slower rotating molecule such as a protein, a small fluorescent molecule undergoes an increase in FA with respect to its value in free solution. Through readings of FA, binding isotherms can then be easily obtained without any need of separation of free and bound components due to the additive property of the FA.
III. RECEPTOR BINDING ASSAYS
FP/FA has been successfully used as a screening or detection tool in non-imaging assays, for several decades. Thanks to the opportunity it offers to measure the displacement of a fluorescence molecule from a target in the presence of competitive molecules, the technique has made it possible for it to be widely adopted by the drug discovery field in the clinical and biomedical settings. Its main advantage over alternative techniques such as ELISA or enzyme activity, consists in the fact that it is an inherent separation-free homogeneous assay offering the ability to make quantitative measurements without washing one, or more, of the components of the measurements.
FP/FA does not require particularly complicated measurements setups and it readily translates in the high throughput screening formats, which greatly accelerate data acquisition. Subsequently, commercially available plate readers often have FP/FA configuration options. The intrinsic simplicity of this format and its use has made it possible for it to be quickly adopted by companies and academic labs alike with large library compounds that need to measure millions of compounds at multiple doses, facilitating drug discovery process. Its applications can be classified depending on the specific target class or molecular interaction.
FP immunoassays were first developed in the 1960s to determine the binding of antigen to antibody [34] . The original experiments measured the concentration of antigen in a sample by first saturated antibody with fluorescently labeled antigen, then measuring the displacement of the fluorescent antigen by sample antigen through a decrease in FP. Using a calibration curve the sample concentration could then be determined. Contrary to others, FP immunoassays do not require tethering antibodies or washing the assay chamber. Also because FA measurements typically probe solutions over a large volume they are representative of an average of all the fluorescent molecules present within the probed system. The degree of polarization which is correlated to the fraction bound of fluorescence molecules is therefore not limited by the total concentration of fluorescent molecules, assuming the concentration is the same across a binding measurement.
Enzymatic activity can be also readily determined through FP. In these measurements, a fluorescently labeled target protein will have a decreased FP signal if cleaved by an enzyme, due to the decrease in a mass and thus increased Brownian rotation. Therefore, using a known peptide substrate, the concentration, activity, or inhibition of enzymes can be rapidly assessed.
Despite its success and different implementations, the exploitation of FP in the imaging field has been limited. Within this context, most applications so far have been restricted to the determination of structure, orientation, or cellular membrane dynamics. Regarding binding activity measurements, FP imaging has been used to determine where calmodulin binds to myosin in fibroblasts [35] . Bigelow et al. [36] used FP imaging to measure enzyme activity with confocal microscopy. Through this approach spatial resolution of trypsin and proteinase K enzyme activity could be obtained.
Apart from these applications, the translation of common in vitro FP/FA assay measurements to cellular, or in vivo, imaging with high spatial and temporal resolution has been quite limited.
IV. INSTRUMENTATION
FP/FA has been widely exploited due to its intrinsic procedural simplicity. Measurements are typically made exciting the probed solution with a well defined state of polarization (p), and by resolving the emission fluorescence into parallel (p) and perpendicular (s) components. Different strategies are possible and the state of polarization of the excitation light can be rotated or alternatively the fluorescence emission light is decomposed in two orthogonal components. Typically this is achieved using a combination of waveplates, linear polarizers, or polarization beam splitters. Once the two orthogonal components of the fluorescence are measured, values of FP or FA are easily determined.
While the use of polarization fluorimetry is extensively implemented across a range of disciplines in the life sciences, the possibility to measure FA intracellularly has been the object of different studies since many years. The most straightforward solution consists in implementing widefield fluorescence microscopy. Here two images are captured by a CCD camera (or two), each one representative of the two orthogonal states of polarization. While easily implemented, this method suffers of poor axial resolution which is particularly troublesome when imaging in solution under the presence of free unbound fluorescent molecules. Also variation across the field of view of the light polarization makes it difficult to perform accurate image analysis.
Another possibility consists in exploiting laser scanning microscopy in order to obtain in plane-and axial high-resolution FA images. While several authors have utilized confocal microscopy and demonstrated its use for FA imaging, the possibility to combine two photon microscopy with FA detection is particularly attractive thanks to all advantages that nonlinear imaging offers over other microscopy imaging modalities [37] . Specifically its extended imaging penetration depth enables to image deep within tissue and tumors in more physiologically relevant context. Also its low scattering component in the near infrared substantially reduces tissue scattering properties, which could bias calculated anisotropy values. In combination with its low phototoxicity and high axial resolution, all this feature contribute in making multiphoton microscopy ideally suited for high resolution FA imaging within single cells and in vivo.
We have therefore custom adapted a commercial multiphoton microscope [20] (see Fig. 3 ). Light from a Ti:Sapphire laser is linearly polarized along a fixed predetermined axis (p), using a Glan-Thompson polarizer and a half-wave plate. Polarized light is then focused through a water immersion objective, onto the imaging sample. Fluorescence is epi-collected in non-descanned mode, spectrally filtered and separated through a polarizing beam splitter in two orthogonal state of polarization (s,p) parallel and perpendicular with respect to the incoming exciting one. Both light components are then detected by two separate photomultiplier tubes.
In LSM image acquisition is based on a sequential point-bypoint excitation, with the laser point scanning along a preset path to cover the imaging field of view. The measured pixel value of FA is calculated in accordance to the definition of r, and corresponds to the fraction-weighted sum of the possible anisotropy values within the voxel, which for two photon microscopy corresponds roughly to a volume of a femtoliter. Whole images can then be obtained in a pixel-by-pixel basis representing FA distribution maps across the imaging field of view.
Different factors can contribute to errors in the calculation of the FA. The PMT for example can respond differently to the fluorescence signal intensity and the optical components can be polarization sensitive. It is therefore imperative to perform a calibration using dyes with known anisotropy in order to measure the correction G-factor. The numerical aperture of the objective (which is typically in the order of 1 for two photon microscopy) can also impact the values of the calculated anisotropy [38] , [39] , with light depolarization increasing with increasing objective's aperture angle. Calibration measurements and corrections can compensate for objective induced artifacts, but simply restricting the field of view can easily ensure that the polarization is uniform across the entire field of view.
Also scattering can be a major source of artifacts [40] , inducing a decrease of the degree of polarization. Experiments in phantoms and on fluorescent beads with known FA values injected into superficial tissue within a nude mouse dorsal window chamber indicated a slight dependend loss of anisotropy with a 10% loss at 100 μm [20] .
Errors in the recorded fluorescence intensity induced by noise can also heavily affect FA values [41] . Particularly at low counts per pixel, the signal-to-noise ratio of the measurements will be increasingly higher leading to strong artifacts on the FA images. In order to account for these aleatory variations, one viable route consists in statistically weighting every anisotropy value pixel-wise by the corresponding total intensity [20] .
Following these consideration and through the use of several fluorescent dyes at progressively increasing viscosities, we have demonstrated that our system is capable of providing accurate maps of FA [20] . Also using fluorescent microspheres we have shown high planar and axial FA resolution both in vitro and in vivo, demonstrating that our imaging system is particularly suitable for accurate in vivo high resolution FA imaging. traditional, non-imaging binding assays provides a unique opportunity to image drug binding activity in cells.
We have therefore utilized our imaging approach in a relevant drug-target system and here we illustrate results obtained in one specific instance. Poly (ADP ribose) polymerase (PARP) is a family of enzymes that, due to their role in DNA repair, are the target of numerous chemotherapeutic drug candidates [42] . Their inhibition is especially potent in cells that are BRCA1 or BRCA2 deficient [43] , [44] .
We therefore synthetized a fluorescent derivative of AZD2281 (Olaparib), a small molecule PARP inhibitor which leads to an increase in unrepaired DNA damage and, ultimately, cell death. AZD2281 was fluorescently labeled with BODIPY FL (AZD2281-BODIPY FL), which can be excited in two photon, while maintaining a high affinity for PARP1 [14] . Two photon fluorescence microscopy time lapse imaging of HT1080 cells, a well understood fibrosarcoma cell line expressing PARP, shows that throughout the course of the loading and washing the drug enters the cell through the plasma membrane (see Fig. 4 ). The drug accumulates in the cytosolic area, likely interacting with organelle lipids, but also readily enters the nucleus. Here, where the target PARP1 mainly resides, the drug accumulates while over time during the washing phase, the drug present in the cytoplasm is cleared (see Fig. 5 ). Because PARP1 is a large molecule (∼120 kDa) there is a significant change in anisotropy between free, and target-bound AZD2281-BODIPY FL.
Two photon FA microscopy can therefore quantify exactly what is the fraction of the amount of drug bound to its target in the cell.
An anisotropy threshold can be assigned to distinguish among the different states (bound/unbound) and FA intracellular time lapse imaging of drug-target engagement can be obtained. When the cells are loaded with the fluorescently labeled drug we observe non-specifically bound drug in the cytoplasmic region, while bound drug is present in the nucleoli where PARP accumulates. Following washing of the drug the cytoplasmic anisotropy signal is cleared. It is important to emphasize that because measurements occur in cells, different causes could contribute to increased values of anisotropy such for example changes in the probe lifetime or increased cellular or nuclear viscosity. Time resolved fluorescence microscopy [45] measurements have demonstrated that changes in lifetime are not responsible for FA increase [20] . Moreover competition experiments produced anisotropy values in the cytoplasm and nucleus that were similar, demonstrating that subcellular viscosity was not responsible also.
Because it is two photon based, our imaging modality offers high planar and axial resolution. Moreover is also a viable tool for an in vivo imaging setting where we have demonstrated its use measuring and mapping drug-target engagement in dorsal window chamber implanted HT1080 tumors (see Fig. 6 ). This is the first time that drug engagement is measured in real time at the cellular level, both in vitro and in vivo, providing invaluable insight into the activity of drug in vivo and potential indication of inefficacy.
VI. CONCLUSION
Several elaborate target engagement measurement techniques have recently been developed to better understand the fate of drugs in cells and in vivo. However, to achieve subcellular resolution with sufficient temporal capabilities novel microscopy approaches are necessary. Building upon intravital microscopy modalities developed in our group to image drug pharmacokinetics and cellular heterogeneity, we have recently exploited FP to determine target engagement within these systems. While traditional polarization assays are limited to artificial system such as biochemical assays or cell lysates, which at best can serve as qualitative interference models and rarely accurately reflect actual drug dynamics, microscopy based imaging modalities such as two photon FA microscopy can extend drug target 
